Semiconductor nanoparticles have a wide absorption band and small reabsorption probability, which makes them great candidates for luminescent solar concentrators (LSCs). We use Monte-Carlo simulations of photon transport to predict the performance of LSCs based on "type-II" CdSe-CdTe quantum dots. These computations suggest that semiconductor-based LSCs can be highly efficient. The optimum performance is reached with a fairly long LSC with a photovoltaic cell covering only one edge. In addition, when the LSC has CdSe-CdTe nanorods that are aligned perpendicular to the top surface, the escape of photons from the top surface is significantly reduced. These results are encouraging for cost-effective LSC designs based on semiconductor nanoparticles.
I. INTRODUCTION
Photovoltaic (PV) solar cells have become much more efficient over the past few decades, yet remain fairly expensive compared with competing energy sources. Since the 1970s, researchers have been developing luminescent solar concentrators (LSCs), 1-4 which can concentrate light to a small PV cell at the edge of the device (see Fig. 1 ). Unlike other types of solar concentrators, which can only concentrate direct (specular) light, LSCs can also absorb and concentrate diffuse light. One of the key ideas in using LSCs is for fluorescent particles to absorb and reemit light at longer wavelengths, which can be more efficiently converted to electricity by a PV cell. To achieve this, most current LSCs rely on luminescent small-molecule dyes or organic polymer dyes, 5-10 whose performance has been considerably improved over the past two decades. A more recent approach is the usage of semiconductor nanoparticles, thus far, mostly of "type-I" (commonly based on CdSe or PbSe). [11] [12] [13] [14] Unfortunately, neither approach has yielded LSCs that are efficient enough to be cost effective. Both approaches suffer from the same fundamental limitation: to absorb more sunlight the concentration of the active media needs to be high, but with a higher concentration the luminescence is more likely to be reabsorbed. The performance of the LSC is then limited by the losses incurred by reabsorption/reemission events. 4 In this study, we focus on the computational modeling of LSCs based on "type-II" semiconductor CdSe-CdTe nanoparticles. [15] [16] [17] The computational results show that these semiconductor-based LSCs can be significantly more efficient and cost effective compared with current LSCs. The CdSe-CdTe nanoparticles have two main advantages compared with organic dyes (see Fig. 2 ): (i) A wider absorption band at shorter wavelengths; and (ii) a smaller reabsorption probability, making them less prone to losses due to multiple absorption-remission events. This is also a big advantage over conventional single material semiconductor nanoparticles. In addition, the photoluminescence quantum yield of CdSe-type quantum dots (QDs) can be quite high (see Ref.
18 for quantum yields above 90%), while overcoating such QDs with a larger bandgap semiconductor has been shown to greatly increase the stability for use in LSCs. 13 Besides the choice of particles, LSCs have several design parameters that can affect their performance. To analyze the performance of semiconductor-based LSCs in detail we employ Monte Carlo simulations (see Sec. II) using the measured data for CdSe-CdTe. The optimal particle concentration, loss mechanisms, and optimal LSC size are analyzed in Secs. III and IV. We find that such LSCs can be highly efficient. The optimal LSC gain is achieved with a PV cell covering a single edge and with a fairly long LSC box, i.e., the l x % 5l y , where l x and l y are the dimensions along the x and y axes (see Fig. 1) .
A significant loss mechanism in LSCs is the escape of light from the top surface. In Sec. V we explore the use of CdSe-CdTe nanorods that are aligned perpendicular to the top surface. This design induces anisotropic luminescence with a preferred direction in the plane parallel to the top surface, thus reducing the escape of light from the LSC. We find that aligned nanorods can significantly increase the LSC gain compared with QDs. The computed maximal LSC gain is 7.6. These theoretical findings are encouraging for further research into semiconductor-based LSCs.
II. MONTE CARLO SIMULATIONS FOR PHOTON TRANSPORT
Monte Carlo (MC) simulations for photon transport (also called ray tracing) are a common tools for studying light propagation in random media when phase-dependent wave effects, such as interference and diffraction, are negligible. 19, 20 This approach is especially efficacious for light propagation in LSCs, because of the ability to incorporate multi-physics phenomena. A photon is launched into the LSC and tracked until it is either lost due to radiation effects (not absorbed or reemitted), escapes from the LSC, or reaches the PV cell where it is collected (counted). We consider a box-shaped LSC (see Fig. 1 ) with dimensions jxj l x (length, 2l x ), jyj l y (width, 2l y ), and jzj l z (thickness, 2l z ). A PV cell is assumed to cover the right y -z edge, i.e., x ¼ þl x (see Sec. IV for the case of the PV cell covering all of the edges). Perfect mirrors are assumed to cover the bottom surface (z ¼ Àl z ) and on all the other edges. Therefore, light can only escape from the top surface.
To obtain statistically reliable results, we use at least 10 5 photons for each incident wavelength and the LSC parameters (particle concentration, LSC size, etc.). The algorithm is discussed in the following text in detail.
A. Absorption and emission
In general, the probability of a photon being absorbed after propagating a distance, Ds (in cm), is given by the Beer-Lambert law, 21 pðDs; kÞ ¼ 1 À 10
ÀðkÞMDs ;
where M is the molar concentration of the particles (in mol=L) and ðkÞ is the extinction coefficient (in L=mol cm), which we obtain from the measured absorption spectrum (see Fig. 2 ). Initially, a photon is launched at the center of the LSC's top surface at normal angle (see also Sec. VI for extensions), with a wavelength, k, that is sampled randomly from the absorption spectrum. If the photon is not absorbed within a distance
where l z is the LSC height, the photon is assumed to bounce from the bottom mirror at normal angle and then escape from the top surface (see Sec. II. B). In that case, the simulation resumes with a new photon. For subsequent remission events a random path length is chosen by "solving" (1) to obtain
where, here and in what follows, n denotes a random variable that is uniformly distributed in ½0; 1. If the photon is absorbed, it is reemitted only if,
where QY, the quantum yield, is the measured ratio of reemitted to absorbed photons. If the photon is reemitted, its wavelength, position, and direction are updated as follows. The photon's new wavelength is sampled randomly from the normalized emission spectrum, as if the luminescence were memoryless. We note that for semiconductor particles, the assumption of completely memoryless luminescence overestimates the reabsorption losses from the second event. This is because when photons are (re)absorbed at the red edge of the absorption spectrum, they will more likely be reemitted further to the red due to inhomogeneous broadening, in which case they are less likely be reabsorbed again.
The photon's new position ðx 0 ; y 0 ; z 0 Þ is updated based on its incident direction as, 
FIG. 2. (Color online)
Normalized absorption (solid line) and emission (dashed line) spectra of (a) Rhodamine-B (an organic dye), and (b) Type II CdSe-CdTe quantum dots. The reabsorption probability depends on the overlap between the absorption and emission spectra, which is much smaller for the quantum dots.
where ðl x ; l y ; and l z Þ are the direction cosines and Ds is given by (3). The direction cosines themselves are updated in a two-step process. For isotropic QDs, the new azimuthal angle and cosine of the deflection angle are obtained using,
and
so that / 2 ½0; 2pÞ, h 2 ð0; pÞ, and the reemitted light is isotropically distributed. Using (6) and (7) the direction cosines are then updated according to,
Equations (8a)- (8c) correspond to luminescence at deflection angles ðh; uÞ with respect to the incident radiation. 19 If the incident direction is almost normal to the ðx; yÞ plane, i.e.,jl z j > 0:99999, the direction cosines are updated using the asymptotic formulas for jl z j ! 1, which are
See Eqs. (16) and (17) for the case of anisotropic luminescence.
B. LSC size and boundary conditions
LSCs are designed to reflect most of the light back from the top surface by using a medium with an index of refraction greater than 1. We assume n LSC ¼ 1:7, which allows for total internal reflection whenever l z < l cr ¼ sin À1 ð1=1:7Þ % 0:81 (i.e., light is reflected when the incident angle is greater than 36 with respect to the zenith). When l z > l cr the photon is assumed to reflect if
where RðbÞ is the Fresnel reflection coefficient for unpolarized light. 22 Otherwise, the photon escapes from the LSC. When a photon arrives at the PV cell it is assumed to be collected. In reality, PV cells have a bandgap for the efficient conversion of light into electricity. In this regard, our computations yield an upper bound on the optical efficiency of the LSC (see Eq. 10). Nevertheless, these particles have a narrow emission band that falls well within the typical bandgap of PV cells.
C. Solar-averaged optical efficiency and LSC gain
A common metric for LSC performance is the optical efficiency, gðkÞ, which is defined as the ratio of incident photons at wavelength, k, to the collected photons (at any wavelength). A more relevant metric for the LSC performance is the solar-averaged optical efficiency,
where I solar ðkÞ is the solar irradiance at sea level, and N solar ðkÞ is proportional to the number of photons per area per wavelength. We obtain I solar ðkÞ from Ref. 23 and use k min ¼ 400nm and k min ¼ 750nm. Thus, g is a measure of the ratio between the total photons collected by the PV cell and the total photons incident on the LSC. The solar-averaged optical efficiency is an adequate metric of the LSC performance when the LSC dimensions are fixed. However, a more useful metric is the LSC gain,
and the solar-averaged LSC gain,
where G, the geometric factor, is the ratio of the area directly exposed to sunlight (the top surface area) to the area covered by the PV cell, i.e.,
See Sec. IV for further details. The advantage of using the LSC gain is twofold:
1. The gain, C, measures the ratio of collected photons using the LSC compared with exposing the (same) PV cell directly to the sun. As such, it must be (substantially) greater than 1 in order for the LSC to be cost-effective. 2. Unlike g, which generally decreases with the LSC size, C attains its maximum value at some finite dimensions (see Fig. 8 ). This is useful for finding the optimal LSC dimensions.
We note that C serves as a lower bound on the actual gain, because the LSC can also capture diffuse light and also converts light into the PV bandgap.
III. OPTIMAL PARTICLE CONCENTRATION
A photon can undergo multiple absorption and and reemission events inside the LSC. The quantum yield, QY, is a measure of the emitted to absorbed photons. Light that is not reemitted is typically lost. For these CdSe-CdTe QDs, the QY ¼ 95%. However, the probability of reemission diminishes quickly with the number of reabsorption-reemission events. Therefore, under ideal conditions, most photons should be absorbed and reemitted once before being collected by the PV. Whether this happens depends on the particle concentration, M, in a complex way. The value of M that will maximize gðkÞ varies with k. Therefore, we are interested in the optimal concentration that yields the maximum of g (Eq. 10).
Since the probability of absorption increases with the particle concentration [see Eq. (1)], the concentration should not be too high. On the contrary, the concentration should not be too low, lest the photons will not be absorbed at all. Hence, the optimal concentration must strike a balance between these competing loss mechanisms. However, there is more to the story, since the probability of reabsorption depends on the overlap between the absorption and emission spectra. In this regard, the small reabsorption of semiconductor nanoparticles is a key advantage. Therefore, by using semiconductor particles, a higher concentration can be chosen while keeping the reabsorption losses small.
To find the optimal concentration we fix the LSC dimensions as l x Â l y Â l z ¼ 6cm Â 2cm Â 0:4cm and vary M between 10 À8 and 10 À5 mol=L. The maximum solar-averaged optical efficiency is 4 ). Figure 4 also shows that, if considering light incident at a particular wavelength, the optimal concentration generally increases somewhat with longer incident wavelengths. This is expected as ðkÞ mostly decreases with k. The optimal concentration is also approximately the same as that which would be obtained using k ¼ 630nm alone (see also Fig. 7) . Figure 5 shows the breakdown of the (statistically averaged) loss mechanisms and their dependence on particle concentration. As M increases, more photons are initially absorbed in the LSC. At the same time, more photons are lost, either due to not being reemitted (i.e., not emitted or not reabsorbed in the first or subsequent luminescence events) or due to photons escaping from the top surface. At the optimum, approximately 57% of the incident photons are not absorbed, the emission/reabsorption losses are 8:5%, and the escape loss is 12%. Figure 6 shows that the collected spectrum is slightly shifted to the red compared with the single-emission spectrum. This tiny Stokes shift is due to the reabsorption, which peaks around 630 nm. To analyze this further, Fig. 7 shows that the reabsorption and escape losses have a local peak around 630 nm, as does the initial absorption (i.e., the notabsorbed curve has a dimple). As previously mentioned, at M ¼ M ? the solar-averaged efficiency g max is also about the same as g 630nm ð Þ. Thus, the maximum solar-averaged efficiency, g max , is achieved by balancing the competing loss mechanisms over the visible spectrum.
IV. OPTIMAL LSC SIZE
Thus far, the results were for fixed LSC size and assuming a PV cell that covers the right y -z edge. It is interesting to study how the LSC performance changes with size and location of the PV cell. In general, as the area of the top surface of the LSC increases, more light enters the medium, but has a greater chance of being lost due to reabsorption or escape. The question arises as to what are the optimal LSC dimensions? To address this, the LSC gain [Eqs. (11) and (12)] serves as the most relevant performance metric.
We first assume (as before) that the PV cell covers the single edge, i.e., the right y -z edge (x ¼ þl x ). The singleedge geometric gain factor (13) 
We fix l y ¼ 2cm and l z ¼ 0:4cm and vary the LSC length, l x . Therefore, the area covered by the PV cell remains constant, while the top surface area increases. Our computations show that the optimal LSC dimensions depend only weakly on the particle concentration and incident wavelength. For this reason, we initially fix M ¼ 4:3 Â 10 À6 mol=L (M ? found previously for l x ¼ 6cm; G single ¼ 15) and use the incident light at k ¼ 630nm. Figure 8 presents the results. As the length, l x , increases the optical efficiency decreases. This is not surprising, since a smaller fraction of the total incident photons arrives at the edge covered by the PV cell due to reabsorption and escape losses. What is, perhaps, more relevant is that the LSC gain peaks at C ¼ 4 when G single ¼ 26, which corresponds to l x =l y ¼ 5:2; l x ¼ 10:4cm. Hence, the optimum performance is reached with a fairly long LSC box. This is also evident from Table I . Indeed, at the optimal LSC size (G single ¼ 26), the solar averaged efficiency is g ¼ 13%, which is somewhat lower than 23:67% obtained using G single ¼ 15, yet the gain is a bit larger. Moreover, if a square LSC were to be used (l x ¼ l y ¼ 2; G single ¼ 5), then g % 37% is even higher, however, the gain would reduced by more than half compared with the optimum.
A related question is whether it is better to cover all the LSC edges with PV cells, i.e., on jxj ¼ l x and jyj ¼ l y . Due to symmetry considerations, the optimal dimensions are achieved using a square LSC, l x ¼ l y . At first thought, covering all the edges with PV cells might seem like a good idea because light has to travel a shorter distance to reach a PV cell, thereby reducing the reabsorption and escape losses.
However, since in this case, A PV ¼ 2ðl x þ l y Þ ¼ 4l x , the alledges geometric gain factor is only
In fact, our computations show that when all of the LSC edges are covered with PV cells, C max is only marginally greater than 1 (see Table II ). In this vein, we remark that, under the condition of optimal particle concentration, most photons are absorbed and reemitted only once, which is an advantage due to the small reabsorption cross-section of these QDs. The reemitted light rays bounce back and forth, impinging on the top surface at the same (or more grazing and hence, more reflecting) angle each time, until they reach the edge covered by a PV cell. Indeed, as the geometric factor increases, the fraction of light flux that is not reemitted or escapes grows at a much slower rate (see Tables I and II) . Taking into account the cost of the extra PV material needed compared with a single-edge PV cell, we conclude that a single-edge PV cell is a much more cost-effective design.
V. ANISOTROPIC LUMINESCENCE
As shown in Table I , under optimal conditions almost 20% of the light escapes from the LSC. While this can be mitigated using special coatings and filters (cf., Refs. 24 and 25), the escape of light from the LSC remains a significant loss mechanism. In order to ameliorate this, we investigate using aligned semiconductor nanorods, i.e., rod-shaped CdSe-CdTe nanoparticles that are aligned in the LSC with their long axis perpendicular to the top surface (see Fig. 9 ). This induces anisotropic luminescence that peaks in the plane parallel to the top surface, thus reducing the escape of light from the LSC. Similar approaches have recently been studied for dye-based LSCs. [26] [27] [28] [29] [30] One of the advantages of semiconductor nanorods compared with dyes is that, when semiconductor nanorods are aligned and cannot rotate, their luminescence is polarized, while their absorption is approximately isotropic. [31] [32] [33] This is due to their electronic structure. Specifically, for singlematerial nanorods (CdSe or CdTe), the transition from the top of the valence band to the bottom of the conduction band is polarized along the long axis of the nanorods. However, at higher energies, there is a high density of transitions that are polarized both along and normal to the nanorod axis. The net effect is that, except at the red edge of the spectrum, the absorption is approximately isotropic. The same is true of CdSe/CdTe nanorods that form a type-II heterojunction. [34] [35] [36] In that case, the luminescence is from a charge transfer transition, which is also polarized along the nanorod long axis. For aligned nanorods we assume isotropic absorption. However, instead of using (8), the direction of the reemitted photon is given by,
where, in this case, h 2 ½0; pÞ is the absolute luminescence angle with respect to the zenith. To compute h, we use the inverted the Henyey-Greenstein formula for anisotropic luminescence, 19 cos h ¼signðvÞ À v;
where g is the anisotropy coefficient. The limit, g ! 0, gives the isotropic luminescence. When g ¼ 1, Eq. (17) gives h ¼ p=2, which corresponds to luminescence only in the plane parallel to the top surface. Any other value of 0 < g < 1 corresponds to conical luminescence relative to the ðx; yÞ plane. Fixing the LSC dimensions with l x ¼ 6cm, l x ¼ 2cm, l y ¼ 0:4cm, using k ¼ 630nm and M ¼ 5:8 Â 10
À6 mol=L (see the following text), we compute the optical efficiency and LSC gain as a function of the anisotropy, g. Figure  11shows that the LSC performance increases monotonically with g. For g % 1, with aligned nanorods, the LSC gain is more than 70% higher compared with using isotropic QDs.
For comparison, we also consider forward conical luminescence (see Fig. 10 ). This would be the case, for example, for spherical quantum dots or anisotropic nanorods that are randomly oriented in the LSC. In the latter case, the luminescence would peak in the same direction as the absorbed light, but since the particles are randomly aligned, on average, their luminescence would be in a random direction. To model this computationally, we revert to (8) , but with the cosine of the deflection angle (with respect to the incident direction of light) given by (17) . Figure 11 shows that, not surprisingly, the results are almost the same as using isotropic QDs. Hence, achieving well-aligned nanorods is important. Figure 12 shows the loss mechanisms using aligned nanorods with g ¼ 0:95. In comparison with Fig. 5 , the most significant difference is that almost no light escapes from the LSC. Consequently, the optimal particle concentration is somewhat higher than for isotopic QDs. Table III LSC dimensions for the same l y and l z used for Table I and the PV on a single edge. Once again, the optimal dimensions are approximately l x : l y ¼ 5 : 1. However, in this case, the maximal solar-averaged gain is 7.6.
VI. SPATIAL AND ANGULAR DISTRIBUTIONS OF THE INCIDENT LIGHT
The results in the pevious text assumed that light is incident at the center of the top surface, at normal angle to the surface, and is transmitted into the LSC with probability 1. In this section we study the dependence of the gain on the spatial and angular distribution of the incident light.
In general, light incident closer to the edge covered by the PV cell has a greater collection probability and light that is incident on the opposite edge has a smaller collection probability. This is demonstrated in Fig. 13 , where the PV cell is at x 0 ¼ l x ¼ 10. This figure shows that light that is incident on the opposite edge (x 0 ¼ À10) has almost the same chance of collection as light incident at the center of the top surface (x 0 ¼ 0). This is because: (i) the reemitted light has a fairly small chance of being reabsorbed, and (ii) if the reemitted light reflects from the top surface (back into the LSC) once, it is very likely to reflect in all the subsequent scatterings from the top surface. Since sunlight impinges on the LSC surface with an almost spatially uniform radiant intensity, the results obtained in the previous sections by assuming that light is incident at the center of the top surface yield a lower bound on the LSC performance. Figure 14 (a) shows the dependence of the Fresnel transmission coefficient for light incident on the top surface as a function of the angle of incidence (with respect to the zenith). For angles below 1 rad, almost all of the light is transmitted into the LSC. Figure 14(b) shows the dependence of the gain on the angle of incidence, taking into account the transmission coefficient and generalizing (2) to include the transmission angle as,
where a i and a t are related via Snell's Law. Equation (18) implies that light initially travels a greater distance as the incident angle increases (becomes more grazing), thereby decreasing the initial losses due to escape. Furthermore, Fig.  14(b) shows that, for light that is incident in a cone with a opening half-angle of 1 rad from the zenith, the gain is approximately the same as at normal incidence (a i ¼ 0). Since most of the diurnal irradiance falls within this cone, the results obtained in previous sections by assuming that the light is incident at a normal angle to the surface yield a very good approximation of the diurnal LSC performance.
VII. CONCLUSIONS
The results of the computations in this study suggest that LSCs based on CdSe-CdTe quantum dots can be more efficient than current LSC designs. Moreover, using aligned nanorods can increase the LSC performance by 70% compared with using quantum dots. The maximal LSC gain of 7.6 (Table III) implies that such LSCs can be that much more efficient compared with exposing the PV cell directly to the sun and even more so, since LSCs can also collect diffuse light. These theoretical findings are encouraging for further research into semiconductor-based LSCs. 033108-7
